Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) is now the most widely used technique for elemental analysis. Moreover, it is combined with separation or sampling techniques such as chromatography, capillary electrophoresis, and laserablation systems, and those hyphenated techniques are widely applied to biochemistry, clinical chemistry, food chemistry and geochemistry. However, spectral interferences caused by isobaric ions, polyatomic molecules, or doubly charged ions can deteriorate the analytical performance of ICP-MS and raise some sever measurement problems. Many techniques have been reported to control and suppress the spectral interferences such as the correction equation, the removal of interfering elements and/or compounds, low temperature plasma, and high resolution mass spectrometry. [11] [12] [13] [14] [15] [16] Recently, the collision/reaction gas cell methods have been applied to ICP-MS to remove the interferences of coexisting ions. [17] [18] [19] [20] [21] Helium (He), H2, NH3, CH4, and O2 are usually used as collision/reaction gases in this technique and some interference are reduced based on the following physical/chemical phenomena such as the kinetic energy discrimination (KED), collision induced dissociation (CID), oxidization, etc. Those techniques were well summarized by Takahashi and Yamada. 22 Chemical/physical reactions in plasma, which sometimes cause interferences for measurement, are still inadequately understood, although ICP-MS is widely used as the most precise measurement method in the elemental analysis field. It is very important to investigate the various reactions in plasma and to understand what happens in plasma in order to master ICP-MS.
Our research group found some unique and interesting phenomena during As measurements by ICP-MS and we have been investigating the reactions and mechanisms of the phenomena in the plasma. One is the difference in sensitivities between As(III) and As(V), which causes a deterioration in As measurement precision. As(V) is measured more sensitively than As(III) when they are precisely measured with ICP-MS and ICP-OES, although they were expected to behave the same as atoms or ions in plasma. The other interesting finding is the selective and partial oxygenation of ions in a dynamic reaction cell of ICP-MS with O2 gas. Selective oxygenation is used as an effective technique for removing some specific spectral interference, but it sometimes induces other interferences due to unexpected oxygenation. In this review, we introduce the incoherent molecular formation (IMF) of As in plasma to explain the sensitivity difference between As(III) and As(V) and the typical oxygenation mechanism of ions in a dynamic reaction cell of ICP-MS to elucidate the selective and partial oxygenation of ions.
Incoherent Molecular Formation (IMF) Effect
in the Plasma -Sensitivity Difference between As(III) and As(V) Measured by ICP SpectrometryWhen we measure As by ICP-MS or ICP-OES very precisely, we can see the sensitivity of As(V) is higher than that of As(III).
Creed et al. first reported that the As(III) response was suppressed approximately 20% relative to the As(V) standard when they were determined by ICP-OES with an ultrasonic nebulizer (USN). They concluded that the response difference was caused by oxidization of As(III) to As(V) during the ultrasonic nebulization and desolvation process. 23 Yu et al. reported that As(V) was about 8% more sensitive than As(III) with ICP-OES installed even with a pneumatic nebulizer. 24 The difference in sensitivity between As(III) and As(V) in atomic spectrometric analysis has also been reported by other groups. [25] [26] [27] [28] [29] They also concluded that the phenomenon occurs in the injection and transportation systems and called it "desolvation effect", "speciation effect" or "transportation effect". That is, they suggested that the differentiation of sensitivity occurred in plasma.
Since we discovered the sensitivity difference between As(III) and As(V) in 1999, we have been studying the sensitivity difference phenomenon mainly by ICP-MS. We found that the differentiation of sensitivity is induced in the plasma and we proposed the IMF effect in plasma as a mechanism of sensitivity difference between As(III) and As(V). 30, 31 The typical calibration curves of As(III) and As(V) are shown in Fig. 1 . The ICP-MS operation conditions were as follows: non-gas mode (normal mode), a glass type nebulizer, a Scott type spray chamber, and Ni sampling/skimmer cone.
The As(V) was approximately 4% more sensitive than the As(III) in all the cases. Analytical sensitivities of As(III) and As(V) by ICP-MS were investigated under the various operating conditions where the RF power (1300 -1500 W), the plasma gas flow rate (10 -20 L min -1 ) and the carrier gas flow rate (0.3 -1.0 L min -1 ) were varied. The analytical sensitivity of As(V) was always higher than that of As(III) under all experimental conditions examined, although the phenomena signal counts (CPS) varied according to the analytical conditions. The same observations were observed by ICP-OES whose detection principles are quite different from ICP-MS. 30 Therefore, these results suggest that the analytical sensitivity difference between As(III) and As(V) depends on some reactions in plasma, but net by factors related to the instrumental detection systems or the sample injection and transport systems.
On the other hand, when the sampling depth of plasma was varied from 3 to 21 mm without any change in other ICP-MS parameters, the sensitivities of As(III) and As(V) greatly changed; the relative sensitivity of As(V) to As(III) increased with an increase of the sampling depth. The sensitivity of As(V) was about 7% lower than that of As(III) at the sampling depth of 3 mm. At the sampling depth of 5 mm, their sensitivities were almost equivalent, and then, the sensitivity of As(V) became 10% higher than that of As(III) at the sampling depth of 7 mm (the normal measurement condition). The relative sensitivity of As(V) to As(III) kept almost constant when the sampling depth was more than 7 mm. This result directly suggested that the differentiation of sensitivity between As(III) and As(V) arose in Table 1 .
As for the signal counts of As + , As(V) + was 4% more than As(III) + when the same concentration of As calibration solutions were measured. Moreover, there were large differences in signal counts of hydrogenated and oxygenated species between As(III) and As(V). For the As(III) solution, rather large amounts of AsHx + (x = 1 or 3) were recorded and the sum of their signal intensities corresponded to about 8% of the total counts. In contrast, the signal counts of AsHx + generated from the As(V) solution were approximately 5% of the total and here less than those of As(III).
The oxygenated species were also observed in the As(III) and As(V) calibration solutions, but their quantities were too low (less than 0.2% of total counts) to compare the formation efficiency between As(III) and As(V). Their contribution to the sensitivity difference between the As(III) and As(V) was negligible. The results indicate that As(III) and As(V) behave differently in the plasma even under the same analysis conditions.
On the other hand, AsHx + (x = 2, 4, 5) and AsOx + (x = 2, 4, 5) were not observed in the measurements of both As(III) and As(V) calibration solutions, probably because the generation energies of H2 and O2 are low. The difference in behavior of halogenated arsenic compounds was not observed between the As(III) and As(V) solutions.
When the ion signal counts at m/z = 75 (As + ), 76 (AsH + ), 78 (AsH3 + ), 91 (AsO + ) and 123 (AsO3 + ) for the As(III) and As(V) solutions were summed up respectively, their total signal counts (CPS) were almost equivalent to the relative difference of less than 1%, although the signal counts of As(V) was approximately 4% more than those of As(III). Thus, it is obvious that the difference in sensitivity between As(III) and As(V) by ICP spectrometry arises from differences in the formation efficiency of the corresponding polyatomic species between As(III) and As(V) in the plasma, since the emission measured by ICP-OES is based on the residual As atoms after the molecular formation in the plasma and since the ion counts monitored at m/z = 75 by ICP-MS is based on the residual As + . We propose to call these kinds of phenomenon "the IMF effect" based on the oxidation states of atoms. The illustration of the IMF effect is shown in Fig. 2 .
The production process of the hydrogenated species of As in the plasma was further explored. We prepared the D2O based measurement samples by diluting As(III) and As(V) standard solutions with D2O solution just before measurement and investigated the hydrides generation process by monitoring As-H and As-D species. If the As coordinates with H2O molecules in the As standard solutions and if the coordinate bonds are strong enough to keep the molecule in the plasma, the As-H species will be observed even when the D2O based measurement samples were measured. On the other hand, if As coordinating molecule is broken down to single atoms in the plasma and if a hydrogenated As species is generated by the recombination in the plasma, As atoms can combine with neighboring deuteron atoms and As-D species will be found because D from D2O solvent is present in excess of H by approximately 90 fold.
The analytical results of molecular species distributions measured with ICP-SFMS were completely different from our expectations. That is, the amounts of As molecular species containing D such as AsD and AsD3 as well as those containing H such as AsH and AsH3 were negligibly small, although almost the same amounts of oxygenated As species were observed as those in H2O base solution. There was no difference in sensitivity between As(III) and As(V) when D2O base samples were measured. These results suggest that As is completely atomized to atoms in the plasma and that the hydrogenated As species such as AsH and AsH3 are recombined in the plasma. It is known that the chemical reaction speed of D is much lower than that of H and the dissociation energy of D containing compounds is much higher than that of H containing ones. 32 This may be a reason why AsD and AsD3 were not observed in this experiment. Further investigation is necessary to fully understand the molecular formation process.
The IMF effect on Se was investigated by ICP-SFMS, since Se has similar chemical properties to As. An 82 Se isotope enriched solution was used in this study. Although Se has six naturally occurring isotopes, Se isotopes are easily affected by polyatomic molecules of Se with lighter mass and Ar dimer. The signal intensity distribution of related ions of Se was measured with ICP-SFMS. The production rates of hydrogenated 82 Se(IV) and 82 Se(VI) were less than 1% of the total Se counts. Their amounts were too small to promote the IMF effect. The sensitivities of Se(IV) and Se(VI) at m/z = 82 were the same. Therefore, our studies found that there was no difference in sensitivity depending on the oxidation state in the Se analysis. Calibration curves for 82 Se(IV) and 82 Se(VI) were plotted by monitoring m/z = 82 with ICP-MS, as shown in Fig. 3 . The a. RSD: n = 10. Fig. 2 Illustration of the IMF effect.
slopes of the calibration curves based on Se(IV) and Se(VI) were in good agreement with each other. The same results were obtained by ICP-OES. The mechanism of the IMF effect on As in plasma is summarized as follow. There are significant differences in analytical sensitivity between As(III) and As(V) when measured with ICP spectrometry. The sensitivity difference is caused by complex formations of As atomic and polyatomic molecular species in the plasma, and especially the formation rates of AsHx + vary depending on the oxidation states in the plasma. The phenomenon was named "the IMF effect" from the study. The sampling depth of plasma influences the IMF effect. From the results of the experiment of adding D2O to standard solutions, As atoms were completely atomized in the plasma first, and then the hydrogenated As species was generated by the collisional recombination. During the recombination process, production rates of hydrogen relating As molecules were different for As(III) versus As(V). The IMF effect induces the differentiation of the sensitivities between As(III) and As(V). At the same time, it was also confirmed that there is no sensitivity difference between Se(IV) and Se(VI).
We have not achieved a complete understanding of all mechanisms of the IMF effect on As analysis yet. Further investigations are necessary.
Oxygenation Mechanism of Ions in Dynamic Reaction Cell ICP-MS
A dynamic reaction cell (DRC) is one of the most effective tools for eliminating specific spectral interferences caused by polyatomic molecules in ICP-MS. Oxygen gas (O2) is an effective reaction gas to reduce specific spectral interferences by oxygenating a target ion to release from interfering molecular ions or oxygenating the isobaric interfering ions. [42] [43] [44] [45] [46] [47] However, the effectiveness of O2 has not been evaluated sufficiently and the underlying mechanism of oxygenation in the reaction cell has not been fully elucidated. The oxygenation of elemental ions (M + ) in the DRC was investigated experimentally, and a new explanation for selective oxygenation based on the enthalpy changes (ΔH) in the oxygenating reactions is proposed. 48 The enthalpy changes of each M + were calculated and the possibility of each reaction occurring was evaluated. We discussed the mechanism of selective oxygenation of ions in dynamic reaction cell ICP-MS based on the thermochemistry of the reaction.
The experimental conditions to investigate oxygenating reactions in the DRC were as follows; the mass number of each element (M + ) and its oxygenated molecule (MO + ; M+16) were monitored with and without introducing O2 into the DRC and the flow rate of O2 was kept constant at 1.0 mL min -1 . Since As + measurement is one of the most successive examples of ICP-DRC-MS in which As + is converted to AsO + free from ArCl + interference, the production rates of AsO + were investigated for each O isotope (m/z = 16, 17 and 18) at first. The results are summarized in Table 2 . Only As + was observed at mass number 75 without supplying O2 to a reaction cell. When O2 was supplied, As + was not observed at mass number 75, whereas AsO + was observed at mass numbers 91, 92 and 93 with the signal intensities in accord with oxygen isotopic abundance. Thus, 100% of As + is converted to AsO + in the reaction cell with O2 gas. Then, the monoisotopic elements of P, Mn, Co, Y, Rh and Bi were measured in the same manner. The percentages of their conversions to MO + were 95.6, 14.2, 27.3, 100.0, 1.4 and 0.2%, respectively. As for the measurement result of P (m/z = 31), it was considered to be an underestimation because of the spectral interferences by NO + and NOH + ; the actual value must be 100%.
As the elements with multi isotopes, Se, Zr, Pb, Yb, Sb, Cu, In, Re, Ni, Cd and Tl were examined by the same procedure. Without O2 addition, their mass spectra were in accord with their natural isotope abundances, and some of the elements were shifted to 16 masses higher when O2 was introduced. The percentages of conversions to oxygenated molecules with O2 addition were Se 25.6%, Zr 100.0%, Pb 0.2%, Yb 6.7%, Sb 32.0%, Cu 0.3%, In 0.0%, Re 2.6%, Ni 14.3%, Cd 3.6% and Tl 0.0%. On the basis of these measurement results, the elements were categorized into three groups as follows: completely oxygenation elements such as As, P, Y, and Zr; partially oxygenated (10 to 30%) elements such as Mn, Co, Se, Sb, and Ni; and hardly oxygenated elements such as Rh, Bi, Pb, Yb, Cu, In, Re, Cd, and Tl.
The bond energies of M + -O were calculated and are given in The oxygenating reactions of elements in the DRC were investigated, taking As for instance. The potential reactions of As and As + with O2 in the reaction cell are as follows: (1) As + O2 → AsO + O, (2) As + O2 → AsO2, (3) As + + O2 → As + O2 , (4) As + + O2 → AsO + + O, (5) As + + O2 → AsO + O + , (6) As + O2 → AsO + + O + e -, (7) As + O2 → AsO2 + + e -. The reactions of (1), (2), (6) and (7) are not relevant in ICP-DRC-MS, because As atoms are not a main component in the DRC. Ions, such as As + and Ar + , are introduced into the DRC through the ion lens of the instrument, whereas neutral elements and molecules are eliminated at the ion lens. The reactions (3), (4) and (5) are expected to occur in the DRC. In this study, however, the enthalpies of all the reactions were calculated. The thermochemical reaction equations and their calculated enthalpy changes are shown in Table 4 . When the reaction system A + B → C + D is exothermic, the reaction of A + B occurs spontaneously without any external energy. In other words, when the thermochemical equation is written as A + B C + D -ΔH and when ΔH = H(C + D, product) -H(A + B, reactant) is negative, the reaction occurs without a supply of external energy. On the other hand, when ΔH is positive, the reaction is endothermic and does not occur spontaneously.
As can be seen in this Table 4 , the most energetically favorable product is AsO + because only the reaction (4) is exothermic and the others are endothermic. The conversion of O2 to 2O requires the bond dissociation energy of 5.28 eV, which is less than that of As + -O. Therefore, once AsO + is formed in the DRC, it is remarkably stable even when it comes into collision with O2. These calculated results agreed with the experimental observation, that is, AsO + . However, As + was observed by ICP-DRC-MS when O2 was introduced ( Table 4) .
The thermochemical reaction equations (M + + O2 → MO + + O) and the enthalpy changes calculated are summarized in Table 5 and Fig. 4 . The reactions of As + , P + , Y + and Zr + were exothermic, and those elements were oxygenated almost 100% in the experiment. In contrast, the reactions of the elemental ions that hardly oxygenated were endothermic and it was observed that they were therefore unlikely to occur spontaneously as expected. However, the enthalpy change calculation cannot give us a clear understanding about the partial oxygenation of Co, Ni, Mn, Se and Sb. They were oxygenated by 15 to 30% of their total amounts although their reactions were endothermic. and Sb + are partially oxygenated through the above reaction and their oxygenation rates are less than 30%. Such information is very useful for selecting a reaction gas for the DRC that will eliminate spectral interferences and allow the prediction of new ones.
Conclusions
We discussed two typical plasma phenomena affecting the measurement of ICP. The IMF effect induces the sensitivity difference between As(III) and As(V), in which As(V) is 5 to 10% more sensitive than As(III) in the measurement of ICP-MS and ICP-AES. It is caused by the incoherent formation of hydrogenated As ions (As + ) such as AsH + and AsH3 + between As(III) and As(V) in the plasma. Arsenic species are completely atomized to As atoms in the plasma, and then a certain percentage of As is ionized to As + . Some of As + reacted with H + to produce the hydrogenated As ions. During that process, the formation rate of hydrogenated As ions varies depending on its oxidization state, that is, the IMF occurs in the plasma. As a result, the amount of the residual As + , which is usually measured by ICP, varies between As(III) and As(V).
The reaction enthalpy change explains the selective and partial oxygenation of ions in a reaction cell with the introduction of O2 gas. The main oxygenation process in the reaction cell occurs based on the reaction between M + and O2 (M + + O2 → MO + + O). The ions (M + ) with the exothermic enthalpy of the above reaction are oxygenated completely. However, some kinds of ions with the endothermic enthalpy are partially oxygenated. They are thought to be oxygenated through the reaction of M + + O → MO + , if the reaction enthalpy is exothermic, although the reaction rate is considered to be confined by a limited amount of O in a reaction cell. The ions with the endothermic enthalpy changes of both reactions are hardly oxygenated. 
